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SUMMARY

Perturbations in carbohydrate, lipid, and protein
metabolism contribute to obesity-induced type 2
diabetes (T2D), though whether alterations in ketone
body metabolism influence T2D pathology is un-
known. We report here that activity of the rate-
limiting enzyme for ketone body oxidation, succi-
nyl-CoA:3-ketoacid-CoA transferase (SCOT/Oxct1),
is increased inmuscles of obesemice.We also found
that the diphenylbutylpiperidine pimozide, which is
approved to suppress tics in individuals with Tour-
ette syndrome, is a SCOT antagonist. Pimozide
treatment reversed obesity-induced hyperglycemia
in mice, which was phenocopied in mice with mus-
cle-specific Oxct1/SCOT deficiency. These actions
Context and Significance

While alterations in carbohydrate, fat, and protein metabolism
there is limited information on obesity’s impact on ketone me
ketogenic diets to combat obesity. Moreover, it remains unk
the pathology of obesity and T2D. Al Batran and colleagues hav
cinyl CoA:3-ketoacid CoA transferase (SCOT), is increased in t
antipsychotic drug, pimozide, can block the actions of SCOT, w
mice. Therefore, blocking muscle SCOT activity may be a pote
in obesity and T2D.
were dependent on pyruvate dehydrogenase (PDH/
Pdha1) activity, the rate-limiting enzyme of glucose
oxidation, as pimozide failed to alleviate hyperglyce-
mia in obese mice with a muscle-specific Pdha1/
PDH deficiency. This work defines a fundamental
contribution of enhanced ketone body oxidation to
the pathology of obesity-induced T2D, while sug-
gesting pharmacological SCOT inhibition as a new
class of anti-diabetes therapy.

INTRODUCTION

Obesity is a significant risk factor for skeletal muscle insulin

resistance, which elicits hyperglycemia and is a major predic-

tor for the future development of T2D (DeFronzo et al., 2015;
can contribute to obesity-induced type 2 diabetes (T2D),
tabolism, an area of growing interest with increased use of
nown whether manipulating ketone metabolism influences
e identified that activity of the ketone oxidation enzyme, suc-
he muscles of obese mice. They have also identified that an
hich produces a potent blood sugar lowering effect in obese
ntial therapeutic approach for improving blood sugar control
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Figure 1. Pimozide Is a Succinyl-CoA:3-Ketoacid CoA Transferase (SCOT) Antagonist

(A) Circulating bOHB levels (n = 6).

(B) SCOT and acetoacetyl CoA thiolase (ACAT1) protein expression normalized to heat shock protein 90 (Hsp90) in mouse gastrocnemius muscles (n = 4–6).

(C) mRNA expression for genes regulating ketone body oxidation in mouse gastrocnemius muscles (n = 4).

(D) SCOT activity in gastrocnemius muscles from lean and obese mice (n = 4 or 5).

(E) Molecular docking of pimozide (PMZ) in the D-oxyanion pocket of SCOT.

(F) Modeling of PMZ within SCOT’s D-oxyanion pocket and key amino acid residues PMZ interacts with to theoretically inhibit SCOT catalytic activity. Blue

dashed line, hydrogen bond; red dashed line, hydrophobic interaction.

(G) bOHB oxidation rates in C57BL/6J working mouse hearts treated with vehicle control (VC) or PMZ (n = 5).

(H) PMZ-mediated inhibition of SCOT increases succinyl CoA (Sc-CoA) substrate needed for protein succinylation, as depicted by immunoblots for protein lysine

succinylation in C2C12 myotubes transfected with the following: wild-type (WT) SCOT, SCOT knockdown (SCOTKD), SCOT overexpression (SCOTOE), and

SCOTOE treated with PMZ (n = 5 or 6). *p < 0.05 versus WT, yp < 0.05 versus SCOTOE.

(I) SCOT activity following transfection of C2C12myotubes with our various SCOTmutants and treated with VC or PMZ (10 mM) (n = 4–6). LYS, lysine-368mutant;

ILE, isoleucine-323 mutant. #p < 0.05 versus WT, *p < 0.05 versus SCOTOE.

(legend continued on next page)
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Samuel and Shulman, 2012). A plethora of evidence indicates

that perturbations in skeletal muscle glucose, fatty acid, and

branched-chain amino acid metabolism contribute to the

pathology of obesity-induced hyperglycemia (Muoio and

Neufer, 2012; Newgard, 2012; Samuel and Shulman, 2012).

Conversely, whether perturbations in muscle ketone body

oxidation occur during obesity and contribute to obesity-

induced impairments in muscle insulin sensitivity and hyper-

glycemia remains unknown. Ketone bodies (e.g., b-hydroxy-

butyrate [bOHB] and acetoacetate) are produced in the

liver during prolonged fasting, in order to provide the brain

with an alternative fuel source to glucose, as the brain has

limited capacity to oxidize fatty acids for energy production.

This confers a physiological advantage by reducing muscle

proteolysis, which provides amino acids for supporting hepat-

ic gluconeogenesis during prolonged fasting (Puchalska and

Crawford, 2017; Robinson and Williamson, 1980). However,

other oxidative tissues like the heart and skeletal muscle

are also capable of oxidizing ketone bodies. Of interest,

ketone body utilization rates appear to be enhanced in the

skeletal muscle of a small number of obese and diabetic

patients (Hall et al., 1984; Vice et al., 2005), and studies

have suggested that ketone bodies may be the preferred

energy source for oxidative metabolism of resting muscle

(Ruderman and Goodman, 1973). Our objective was to

characterize the potential perturbations in ketone body

metabolism that take place in skeletal muscle in response

to experimental obesity as well as to determine whether these

changes could be pharmacologically targeted as a means of

improving hyperglycemia.

RESULTS AND DISCUSSION

Ketone Body Oxidation Enzyme Expression Is Increased
in Skeletal Muscle following Experimental Obesity
C57BL/6J mice subjected to high-fat diet (HFD)-induced obesity

(Research Diets D12492 [60% kcal lard], herein referred to as

obese mice) exhibited marked reductions in circulating bOHB

levels versus their lean counterparts following an overnight fast

(Figure 1A). It has been postulated that impaired hepatic keto-

genesis is the primary driver of the obesity-mediated decline in

fasting bOHB levels (Cotter et al., 2014; d’Avignon et al., 2018).

On the contrary, mRNA and/or protein expression of ketone

body oxidation enzymes Oxct1/SCOT (which will be referred to

as SCOT throughout), acetoacetyl CoA thiolase (Acat1/

ACAT1), and bOHB dehydrogenase (Bdh1/Bdh2) were all

increased in gastrocnemius muscles of obese mice (Figures

1B and 1C). Moreover, gastrocnemius muscle SCOT activity

was also increased in obese mice (Figure 1D). Taken together,

we posit that the obesity-mediated decline in circulating bOHB

levels during fasting is due to a combination of both reduced he-

patic ketogenesis as well as an increase in skeletal muscle ke-

tone body utilization.
(J and K) Michaelis-Menten kinetics (J) and Lineweaver-Burk plot (K) for SCOT in

(L) Plasma, gastrocnemius muscle, and brain levels of pimozide at various time po

Values represent means ± SEM. Differences were determined by the use of an u

Bonferroni post hoc analysis. *p < 0.05 versus control/lean. See also Figure S1.
Pimozide Is a SCOT Antagonist
Whether the increase in skeletal muscle ketone body oxidation is

an adaptive or maladaptive response during the progression of

obesity-induced hyperglycemia is unclear. Addressing this

uncertainty is confounded by the fact that no known pharmaco-

logical modulators of ketone body oxidation have been identified

and characterized to date. We thus embarked on a virtual high-

throughput screening (vHTS) campaign to discover potential

antagonists of SCOT, since SCOT is not present in the liver,

and thus inhibiting SCOT would not impact hepatic ketogenesis,

unlike an ACAT or bOHB dehydrogenase antagonist would.

Our vHTS started with 2,924 commercially approved US Food

and Drug Administration (FDA) agents from the ZINC database.

Pimozide, an FDA-approved agent for controlling tics in individ-

uals with Tourette syndrome (Colvin and Tankanow, 1985), was

selected for further study based on its binding energy, binding

interaction types, and ligand orientation in the SCOT oxyanion

pocket (Figures 1E and 1F). As the heart is themostmetabolically

demanding organ and an avid consumer of ketones (Lopaschuk

and Ussher, 2016; Puchalska and Crawford, 2017), we next

perfused isolated working mouse hearts with vehicle control

(VC) or pimozide and confirmed that pimozide reduces ketone

body oxidation without impacting heart rate or cardiac function

(Figures 1G and S1A–S1D). Treatment of C2C12 myotubes

with pimozide also increased the accumulation of intracellular

[13C]bOHB (55.4 mM [VC] versus 114.9 mM [pimozide]), consis-

tent with an inhibition of SCOT activity. Because SCOT requires

succinyl-CoA as a substrate, which is required for protein

succinylation (Hirschey and Zhao, 2015), we next knocked

down or overexpressed SCOT in C2C12 myotubes via siRNA

or plasmid-mediated transfection, respectively, and assessed

overall protein lysine succinylation. siRNA knockdown of

SCOT augmented lysine succinylation, whereas SCOT overex-

pression abolished lysine succinylation and was prevented via

treatment with pimozide (Figure 1H). Furthermore, our vHTS indi-

cated that pimozide binding within the SCOT oxyanion pocket

requires residues Lys329 and Ile284 (Figures S1E and S1F).

Hence, we mutated these two sites and transfected C2C12

myotubes with these new SCOT mutants, both of which abro-

gated pimozide’s ability to inhibit SCOT (Figure 1I), reinforcing

the key role these residues exert in mediating pimozide’s ability

to inhibit SCOT. Last, we performed an in vitro enzyme kinetics

assessment, which indicated that pimozide is a noncompetitive

inhibitor of SCOT (Ki = 312.9 ± 28.2 nM) (Figures 1J and 1K).

Pharmacological SCOT Inhibition Improves Glycemia in
Obese Mice
To ascertain whether enhanced muscle SCOT activity is

adaptive or maladaptive with relation to obesity-induced

hyperglycemia, we subjected C57BL/6J male mice to experi-

mental HFD-induced obesity for 10 weeks. All mice were subse-

quently randomized to treatment with either VC or pimozide

(10 mg/kg once every 2.5 days via oral gavage) for 2 weeks.
hibition via PMZ (n = 3).

ints (up to 48 h) following a single oral gavage of pimozide in obesemice (n = 3).

npaired two-tailed Student’s t test, or one- or two-way ANOVA followed by a
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Pharmacokinetics assessment following oral gavage of pimo-

zide at this dose demonstrates peak circulating concentrations

at ~12 h post-gavage, though the drug remains detectable in

plasma at clinically relevant levels (~5 ng/mL) and tissue 48 h

post-gavage (Figure 1L), a profile differing from that in humans,

where peak levels are reached at ~8 h (Sallee et al., 1987). Treat-

ment with pimozide had no impact on random-fed state bOHB

levels but increased circulating bOHB levels during an overnight

fast, which was associated with a reduction in circulating

glucose levels (Figures 2A and 2B). The pimozide-induced in-

crease in fasting bOHB levels was not associated with changes

in themRNA expression of genes regulating hepatic ketogenesis

or muscle ketone body utilization (Figure S1G). Interestingly, pi-

mozide treatment enhanced glucose tolerance following an

overnight fast (Figure 2C), which was associated with reduced

circulating insulin levels (Figure 2D), suggesting that pimozide

may improve insulin sensitivity. Accordingly, pimozide treatment

produced a mild improvement in insulin tolerance (Figure 2E),

though this was not associated with increases in insulin-stimu-

lated Akt and glycogen synthase kinase 3b (GSK3b) phosphory-

lation in gastrocnemius muscle (Figures S1H and S1I). Notably,

the pimozide mediated improvement in glycemia was not due

to decreases in body weight or adiposity (Figures S2A and

S2B). Likewise, pimozide treatment did not impact food intake

or ambulatory activity when housed in metabolic cages (Figures

S2C and S2D). Obese mice treated with pimozide also showed

no anomalies in circulating triacylglycerol (TAG) or non-esterified

fatty acid (NEFA) levels (Figures S2E and S2F), nor did we

observe differences inmuscle glycogen content (Figure S2G). In-

direct calorimetry studies demonstrated that pimozide treatment

mildly reduced dark-cycle whole-body oxygen consumption

rates and increased the respiratory exchange ratio (RER) (Fig-

ures 2F and 2G), which suggests that pimozide-induced reduc-

tions in ketone body oxidation increase the muscle’s preference

for glucose as a fuel source.

Pimozide’s Attenuation of Obesity-Induced
Hyperglycemia Is Independent of Oxidative Stress, Lipid
Accumulation, and Brain SCOT Activity
Obesity-induced hyperglycemia is often associatedwithmuscle

oxidative stress and/or lipid accumulation (Muoio and Neufer,

2012; Samuel and Shulman, 2012). However, pimozide treat-

ment had no impact on muscle redox status in obese mice, as

reflected by unaltered protein sulfonation levels and reduced/

oxidized glutathione ratios (Figures S2H and S2I). Conversely,

pimozide treatment decreased gastrocnemius muscle TAG

content (Figure 2H), whereas no differences in DAG content

nor membrane protein kinase Cq (PKCq) levels were observed

(Figures S2J and S2K). Unbiased metabolomic profiling also

demonstrated negligible changes in numerous acylcarnitine

species (Figure S2L). Consistent with a reduction in SCOT activ-

ity, b-hydroxybutyrylcarnitine and succinate levels were

reduced, whereas succinyl CoA levels were increased via pimo-

zide treatment (Figures 2I–2K). The reductions in gastrocnemius

muscle TAG content in response to pimozide treatment were

neither associated with increased mRNA expression of en-

zymes regulating fatty acid metabolism, nor with changes in

malonyl CoA content (Figures S2M and S2N). Interestingly, re-

ductions in muscle lipid content were not required for pimo-
4 Cell Metabolism 31, 1–11, May 5, 2020
zide-mediated improvements in glycemia, as a single acute

treatment with pimozide improved glucose tolerance in obese

mice without decreasing gastrocnemius TAG content (Figures

S2O–S2Q). We conjectured that pimozide-induced glucose

lowering arises from inhibiting SCOT in muscle, though it re-

mains possible that pimozide improves glycemia by inhibiting

SCOT in other critical ketone body oxidizing tissues, such as

the brain, as pimozide was systemically administered. To test

whether brain SCOT activity potentially mediates our pheno-

types, we performed intracerebroventricular (i.c.v.) injections

of pimozide (0.5 mg) in obese C57BL/6J male mice. While acute

oral administration of pimozide improved glycemia in obese

mice, acute i.c.v. pimozide failed to improve glycemia in these

same animals, despite successful inhibition of brain (but not

muscle) SCOT activity (Figures 2L–2N). To test that i.c.v. injec-

tion of pimozide did not result in its leakage outside the brain,

circulating pimozide levels were measured and found to be un-

detectable (data not shown).

Genetic Inhibition of SCOT Activity in Skeletal Muscle
Also Improves Obesity-Induced Hyperglycemia
To further elucidate whether pimozide’s salutary actions on

obesity-induced hyperglycemia involve a reduction in skeletal

muscle ketone body oxidation, we generated skeletal-muscle-

specific SCOT knockout (SCOTMuscle�/�) mice via crossing

floxed SCOT mice with human a-skeletal actin-cre (HSACre)-ex-

pressing mice (Figure S3A). As HSACre expression within muscle

improves glucose tolerance (Al Batran et al., 2018), we used

HSACre mice as our respective control littermates and subjected

HSACre and SCOTMuscle�/� mice to experimental HFD-induced

obesity. Intriguingly, obese SCOTMuscle�/� mice almost entirely

recapitulated themetabolic phenotype seenwith pimozide treat-

ment. More specifically, circulating bOHB levels during overnight

fasting were increased in SCOTMuscle�/� mice versus their HSA-
Cre littermates (Figure 3A), consistent with previous reports (Cot-

ter et al., 2013). SCOTMuscle�/� mice also demonstrated no

changes in mRNA expression for genes regulating ketone body

utilization in muscle and mRNA expression for genes regulating

hepatic ketogenesis (Figure S3B).

With regards to glycemic control, obese SCOTMuscle�/� mice

demonstrated a reduction in fasting blood glucose levels (Fig-

ure 3B), while glucose tolerance was improved following an

overnight fast (Figure 3C), which was associated with reduced

circulating insulin levels (Figure 3D). Similarly, insulin-mediated

reductions in blood glucose levels were observed during an

insulin tolerance test, though this was now associated with

mild increases in gastrocnemius muscle Akt but not GSK3b

phosphorylation in obese SCOTMuscle�/� mice (Figures 3E and

3F). In contrast to our observations with pimozide, obese

SCOTMuscle�/� mice exhibited no differences in whole-body ox-

ygen consumption rates during indirect calorimetry studies,

though RER was similarly elevated, suggesting that skeletal

muscle glucose oxidation was enhanced in SCOTMuscle�/�

mice (Figures 3G and 3H). Further paralleling our observations

with pimozide, gastrocnemius muscle protein sulfonation levels

and reduced/oxidized glutathione ratios remained similar (Fig-

ures S3C and S3D), whereas gastrocnemius TAG content was

reduced in obese SCOTMuscle�/� mice (Figure 3I). In addition,

no changes were seen regarding DAG content or membrane



Figure 2. Pimozide Mitigates Obesity-Induced Hyperglycemia

(A and B) Circulating bOHB (n = 8) (A) and blood glucose (n = 8 or 9) (B) levels in obese mice.

(C and D) Glucose tolerance (performed 1 day following the final treatment) (n = 15) (C) and associated circulating plasma insulin levels (n = 5 or 6) (D).

(E–G) Insulin tolerance (performed 1 day following the final treatment) (n = 12) (E) and 24 h whole-body oxygen consumption rates (F) and respiratory exchange

ratios (RER) (n = 5) (G).

(H–K) Triacylglycerol (TAG) (n = 5) (H), b-hydroxybutyrylcarnitine (n = 4) (I), succinyl CoA (n = 5) (J), and succinate (n = 6) (K) levels in gastrocnemius muscles from

obese mice.

(L–N) Glucose tolerance (GTT) following acute oral (L) or intracerebroventricular (M) administration of VC (n = 3) or pimozide (PMZ) (n = 4) in obese mice, with

corresponding gastrocnemius muscle and brain SCOT activity (N).

Values represent means ± SEM. Differences were determined by the use of an unpaired two-tailed Student’s t test (C [AUC only], H–L [AUC only], and M [AUC

only]) or a two-way ANOVA followed by a Bonferroni post hoc analysis (A–C [GTT only], E–G, L [GTT only], M [GTT only], and N). *p < 0.05 versus VCmice. See also

Figures S1 and S2.
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Figure 3. SCOTMuscle–/– Mice Are Protected against Obesity-Induced Hyperglycemia

(A and B) Circulating bOHB (n = 10) (A) and blood glucose (n = 11) (B) levels in obese mice.

(C–F) Glucose tolerance (n = 12) (C), circulating plasma insulin levels (n = 5 or 6) (D), insulin tolerance (n = 12) (E), and associated insulin signaling in gastrocnemius

muscles (n = 6) (F).

(G and H) 24 h whole-body oxygen consumption rates (G) and respiratory exchange ratios (RER) (n = 5) (H).

(I–L) Triacylglycerol (TAG) (n = 5) (I), b-hydroxybutyrylcarnitine (n = 4) (J), succinyl CoA (n = 5) (K), and succinate (n = 5) (L) levels in gastrocnemius muscles from

obese mice.

Values represent means ± SEM. Differences were determined by the use of an unpaired two-tailed Student’s t test or one/two-way ANOVA followed by a

Bonferroni post hoc analysis. *p < 0.05 versus HSACre mice, yp < 0.05 versus no insulin counterpart, #p < 0.05 versus HSACre insulin mice. Cre, HSACre; KO,

SCOTMuscle�/�. See also Figures S2 and S3.
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PKCq expression (Figures S3E and S3F). The reduction in TAG

content was once more attributed to neither increased mRNA

expression of enzymes regulating fatty acid metabolism nor

changes in malonyl CoA content (Figures S3G and S3H),

while metabolomic profiling of gastrocnemius muscles demon-

strated no changes in numerous acylcarnitine species (Fig-

ure S3I). Circulating NEFA levels remained similar, whereas re-

ductions in circulating TAG levels were observed in obese

SCOTMuscle�/� mice versus their HSACre littermates (Figures

S3J and S3K).
6 Cell Metabolism 31, 1–11, May 5, 2020
Recapitulating our observations with pimozide, reductions in

gastrocnemius b-hydroxybutyrylcarnitine levels, succinate

levels, and increased succinyl CoA content were observed and

reflective of decreased SCOT activity in obese SCOTMuscle�/�

mice (Figures 3J–3L). Importantly, the metabolic phenotype of

obese SCOTMuscle�/� mice was independent of reductions in

body weight, total adiposity, and overall animal activity, though

we did note increases in food intake over 24 h during housing

in metabolic cages (Figures S3L–S3O). Unexpectedly, the glyce-

mia improvements in obese SCOTMuscle�/� mice did not appear
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to involve increases in insulin-stimulatedmuscle glucose uptake.

We observed no differences in muscle glucose uptake rates,

whereas glucose infusion rates exhibited trends to mild in-

creases in obese SCOTMuscle�/� mice during hyperinsulinemic-

euglycemic clamping studies (Figures S4A–S4E). How such

robust improvements in glucose tolerance occur in obese

SCOTMuscle�/� mice, or in obese mice treated with pimozide,

needs clarification, though changes in non-insulin-mediated

glucose uptake (NIMGU) may be involved. In support of this, it

has been suggested that 50AMP-activated protein kinase

(AMPK) may be a key mediator of NIMGU (Wiernsperger,

2005), and we observed increased AMPK phosphorylation

(indicative of increased AMPK activity) in gastrocnemius mus-

cles from obese SCOTMuscle�/� mice (Figure S4F). As AMPK is

also a positive regulator of fatty acid oxidation (Steinberg and

Kemp, 2009), it is possible that an increase in AMPK activity con-

tributes to the reduction in muscle TAG content observed in

response to SCOT inhibition, despite the absence of changes

in gene expression of fatty acid metabolism enzymes.

Pimozide Requires Intact SCOT in Order to Improve
Glycemia in Obese Mice
Because obese SCOTMuscle�/� mice phenocopied the glycemia

profiles following pimozide treatment, it supports the premise

that pimozide alleviates obesity-induced hyperglycemia by

decreasing muscle ketone body oxidation secondary to an inhi-

bition of SCOT activity. Nevertheless, to strengthen our conclu-

sions, we repeated our studies in obese SCOTMuscle�/� mice

randomized to treatment with either VC or pimozide (10 mg/kg

once every 2.5 days via oral gavage) for 2 weeks. Intriguingly,

pimozide-induced increases in circulating bOHB levels in over-

night fasted obese HSACre mice were entirely absent in obese

SCOTMuscle�/�mice (Figures 4A and 4B). Furthermore, pimozide

reduced gastrocnemius SCOT activity when compared to VC in

obese HSACre mice (Figure 4C), though the reduction was not as

robust as the complete lack of SCOT activity observed in

SCOTMuscle�/� mice. Similarly, pimozide-mediated improve-

ments in glucose and insulin tolerance in obese HSACre mice

were also nonexistent in obese SCOTMuscle�/� mice (Figures

4D and 4E). These results indicate that complete abolishment

of SCOT activity in skeletal muscle is not necessary to mitigate

obesity-induced hyperglycemia, and they reinforce our data

showing that pimozide is a SCOT antagonist. Importantly,

agents that target other glucose-lowering mechanisms, such

as metformin or the glucagon-like peptide-1 receptor agonist lir-

aglutide, still produced marked improvements in glucose toler-

ance when administered to obese SCOTMuscle�/� mice (Figures

S4G and S4H). This indicates that the lack of improvement

following pimozide treatment in obese SCOTMuscle�/� mice is

not due to these animals being unable to exhibit any further

improvement in glycemia.

Decreasing SCOT Improves Glycemia by Augmenting
Skeletal Muscle Pyruvate Dehydrogenase (PDH) Activity
Our studies strongly point to SCOT inhibition as pimozide’s

glucose lowering mechanism of action, though it remains enig-

matic as to how decreases in skeletal muscle SCOT activity

and ketone body oxidation yield these potent salutary effects.

We hypothesized that increases in glucose oxidation play a
role, as both pimozide-treated and SCOTMuscle�/� obese mice

were associated with increased RER values (Figures 2H

and 3H). In response to HFD-induced obesity, pimozide treat-

ment and SCOTMuscle�/� mice both demonstrated reduced

phosphorylation of PDH (rate-limiting enzyme of glucose oxida-

tion) in gastrocnemius muscle, indicative of increased PDH ac-

tivity (Patel et al., 2014), whereas pimozide failed to further

reduce gastrocnemius PDH phosphorylation in obese

SCOTMuscle�/� mice (Figure 4F). In addition, refeeding of over-

night-fasted lean C57BL/6J mice reduced gastrocnemius PDH

phosphorylation, indicative of a transition to increased glucose

oxidation, whereas this metabolic flexibility is prevented in

mice treated with bOHB at the onset of refeeding and is nullified

via concurrent treatment with pimozide (Figure 4G). Illustrating

that these observations are due to direct actions on muscle,

siRNA knockdown of SCOT in C2C12 myotubes decreased

PDH phosphorylation and culture medium lactate levels, reflec-

tive of increased glucose oxidation (Figure 4H). Conversely,

SCOT overexpression increased PDH phosphorylation and cul-

ture medium lactate levels, reflective of decreased glucose

oxidation (Figure 4I).

To further highlight the mechanistic importance of increased

muscle PDH activity and glucose oxidation as a contrib-

uting mechanism to our phenotypes, we generated a new

PDHMuscle�/� mouse line and observed that pimozide’s ability

to improve glucose tolerance was markedly diminished in obese

PDHMuscle�/� mice (Figure 4J). Conversely, acute liraglutide

treatment was still able to robustly improve glucose tolerance

in obese PDHMuscle�/� mice (Figure 4K). The premise that

increased muscle PDH activity and glucose oxidation may pro-

mote glucose-lowering, is consistent with previous studies

whereby whole-body deficiency of Pdk4 (the kinase that phos-

phorylates and inhibits PDH activity) in mice improves glycemia

during experimental obesity (Jeoung and Harris, 2008). Further-

more, aging is associated with insulin resistance, and lean

elderly subjects demonstrated a marked impairment in insulin-

stimulated PDH flux versus lean young subjects, indicative of

metabolic inflexibility (Petersen et al., 2015). In contrast, lean

mice with increased PDH activity via whole-body deficiency

of both Pdk2 and Pdk4 are insulin resistant in comparison to

their lean wild-type littermates, though this is not observed in

response to experimental obesity (Rahimi et al., 2014). Despite

ongoing debate regarding the role of PDH in regulating glycemia,

a mild improvement in glycemia was still observed in obese

PDHMuscle�/� mice following pimozide treatment, suggesting

that SCOT inhibition may also improve glycemia via alternative

mechanisms.

Of interest, another strategy that has been shown to improve

glycemia independent of overt improvements in insulin signaling

involves a reduction in mitochondrial fatty acid uptake and

subsequent overload, thereby decreasing the incomplete oxida-

tion of fatty acids (Koves et al., 2008). Although it remains un-

known whether modifying ketone body oxidation will influence

the incomplete oxidation of fatty acids, we did not observe any

overt lowering of long- and medium-chain acylcarnitine species,

suggesting that decreasing ketone body oxidation has no influ-

ence on incomplete fatty acid oxidation. Conversely, it has

been demonstrated that attenuating mitochondrial overload en-

hances PDH activity and glucose oxidation (Koves et al., 2008;
Cell Metabolism 31, 1–11, May 5, 2020 7



Figure 4. Pimozide Fails to Improve Glycemia in Obese SCOTMuscle–/– Mice and Requires PDH Activity to Promote Glucose Lowering

(A and B) Circulating bOHB levels in obese (A) HSACre and (B) SCOTMuscle�/� mice (n = 6).

(C–F) SCOT activity in gastrocnemius muscles (n = 5) (C), glucose tolerance (performed 1 day following the final treatment) and associated AUC (n = 8) (D), insulin

tolerance (performed 1 day following the final treatment) (n = 8) (E), and gastrocnemius muscle PDH phosphorylation (n = 4) (F).

(G) Gastrocnemius muscle PDH phosphorylation (n = 4–6) in mice that were fasted, or fasted and refed, with separate cohorts receiving treatment with bOHB or

bOHB plus pimozide (PMZ).

(H and I) PDH phosphorylation and culturemedium lactate levels (n = 4–6) in C2C12myotubes following SCOT knockdown (SCOTKD) (H) or SCOT overexpression

(SCOTOE) (I). Scram, scramble siRNA.

(J) Immunoblot demonstrating deletion of PDH in gastrocnemius muscles frommuscle-specific PDH (PDHMuscle�/�) mice, with corresponding glucose tolerance

in response to acute PMZ treatment (n = 5–8). Hsp90, heat shock protein 90.

(K) Glucose tolerance in PDHMuscle�/� and HSACre mice in response to acute treatment with liraglutide (n = 5 or 6).

Values represent means ± SEM. Differences were determined by the use of an unpaired two-tailed Student’s t test or one- or two-way ANOVA followed by a

Bonferroni post hoc analysis. *p < 0.05 versus HSACre VC group. $p < 0.05 versus refed plus bOHB mice. See also Figure S4.
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Muoio et al., 2012), alluding to a potential shared mechanism by

which targeting ketone body oxidation and/or incomplete fatty

acid oxidation may improve glycemia.

Final Summary and Conclusions
Taken together, our study introduces a number of novel con-

cepts with relation to pharmacological strategies for managing

obesity-induced hyperglycemia and/or T2D. Pimozide can

reversemany of the detrimental effects of obesity on glucose ho-

meostasis, which appears to stem from pimozide’s ability to

inhibit skeletal muscle SCOT activity and ketone body oxidation.

Our genetic-based studies support this concept, as obese

SCOTMuscle�/� mice phenocopied the glucose profiles observed

following pimozide treatment. Furthermore, our findings were

recapitulated in a mouse model of T2D, as both pimozide treat-

ment and SCOTMuscle�/� mice fed an HFD for 10 weeks with a

low-dose injection of streptozotocin (75 mg/kg) at 4 weeks

demonstrated significant improvements in glucose tolerance

(Figures S4I–S4L). Notably, pimozide failed to further reduce

glucose levels in obese SCOTMuscle�/� mice, supporting the

notion that pimozide’s glucose-lowering mechanism of action

requires intact SCOT activity within skeletal muscle.

While our studies allude to SCOT as a novel target of pimo-

zide action, pimozide’s clinical utility for suppressing tics in

Tourette Syndrome has been attributed to its ability to inhibit

dopamine D2 and serotonin 7 receptors (Kossoff and Singer,

2001). As such, these other actions of pimozide will need to

be taken into consideration if pimozide is to be considered

for the treatment of T2D. Likewise, it will be interesting to

determine if pimozide-mediated inhibition of SCOT also con-

tributes to its tic-suppressing actions. Because pimozide is a

relatively safe FDA-approved agent with limited toxicities

and is readily available on the market (Bruggeman et al.,

2001; Sallee et al., 1997), it may potentially allow for quick

proof-of-principle clinical studies to confirm whether our ob-

servations are translationally reproducible in individuals with

obesity with or without T2D. Conversely, since pimozide is

able to cross the blood-brain barrier, it may not be the ideal

SCOT antagonist to inhibit ketone body oxidation systemi-

cally, since the brain relies on ketones as a significant fuel

source during prolonged fasting and starvation (Puchalska

and Crawford, 2017; Robinson and Williamson, 1980). Rather,

we would propose pimozide as the starting point for the devel-

opment of a new class of drugs that are chemically modified to

not cross the blood-brain-barrier, thereby preserving ketone

bodies as a physiological fuel source for the brain while inhib-

iting ketone body oxidation elsewhere in the body (e.g., skel-

etal muscle) for the treatment of T2D.

Limitations of Study
The marked improvement in glycemia in response to either

pharmacological or genetic SCOT inhibition strongly links re-

ductions in skeletal muscle ketone body oxidation to the allevi-

ation of hyperglycemia within the context of the experimental

models of obesity, insulin resistance, and T2D studied here.

Nonetheless, there are several important limitations that need

to be taken into consideration with regards to our study’s over-

all conclusions. As our study was performed exclusively in male

mice, it remains unknown whether inhibiting SCOT activity
would also improve glucose homeostasis in obese female

mice. With regards to increased PDH activity explaining how

SCOT inhibition improves glycemia in obesity, we did not mea-

sure PDH activity or flux through glucose oxidation in skeletal

muscles from mice in our studies. This is potentially important,

as PDH can translocate to the nucleus, where it may provide

acetyl CoA substrate required for histone acetylation (Sutendra

et al., 2014). Hence, it remains possible that the failure of pimo-

zide to improve glycemia in obese PDHMuscle�/� mice is depen-

dent on nuclear PDH activity and not mitochondrial glucose

oxidation. Furthermore, we have not yet identified the specific

cellular mechanism(s) by which decreasing ketone body oxida-

tion augments PDH activity (e.g., changes in the expression or

activity of PDH kinases, PDH phosphatases, etc.). Finally, our

pharmacological studies are confined to a 2-week treatment

period in obese mice, and we are unable to conclude whether

a longer duration of treatment will still yield robust glucose-

lowering actions while also being uncertain of what the potential

adverse effects of chronically reducing ketone body oxida-

tion are.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-SCOT ProteinTech Cat# 12175-1-AP; RRID: AB_2157444

Goat polyclonal anti-ACAT1 Thermo Fisher Scientific Cat# PA5-19227; RRID: AB_10977900

Mouse monoclonal anti-Hsp90 BD Biosciences Cat# 610418; RRID: AB_397798

Rabbit polyclonal anti-succinyllysine PTM Biolabs Cat# PTM-401; RRID: AB_2687628

Rabbit polyclonal anti-AKT Cell Signaling Technology Cat# 9272; RRID: AB_329827

Rabbit polyclonal anti-phospho-Akt (Ser473) Cell Signaling Technology Cat# 4060; RRID: AB_2315049

Rabbit monoclonal anti-GSK-3alpha/beta (D75D3) Cell Signaling Technology Cat# 5676; RRID: AB_10547140

Rabbit polyclonal anti-phospho-GSK-3alpha/beta

(Ser21/9)

Cell Signaling Technology Cat# 9331; RRID: AB_329830

Rabbit monoclonal anti-PDHA1 Cell Signaling Technology Cat# 3205; RRID: AB_2162926

Rabbit polyclonal anti-phospho-PDHE1-A type I

(Ser293)

Millipore Cat# ABS204; RRID: AB_11205754

Rabbit monoclonal anti-AMPK (D63G4) Cell Signaling Technology Cat# 5832; RRID: AB_10624867

Rabbit monoclonal anti-phospho-AMPK (Thr172) Cell Signaling Technology Cat# 2535; RRID: AB_331250

Rabbit polyclonal anti-Na+/K+ ATPase alpha Cell Signaling Technology Cat# 3010; RRID: AB_2060983

Rabbit monoclonal anti-PKCq (E1l7Y) Cell Signaling Technology Cat# 13643; RRID: AB_2798282

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked antibody Cell Signaling Technology Cat# 7076; RRID: AB_330924

Anti-goat IgG, HRP-linked antibody Thermo Fisher Scientific Cat# A15963; RRID: AB_2534637

Bacterial and Virus Strains

DH5a competent cells Thermo Fisher Scientific Cat# 18258012

Chemicals, Peptides, and Recombinant Proteins

SCOT1 recombinant protein MyBiosource Cat# MBS9420519

Pimozide Sigma-Aldrich Cat# 2062784

Insulin (Humulin) Eli Lilly and Co.Bio Cat# VL7510

Succinyl-CoA Sigma Cat# 108347973

Lithium acetoacetate Sigma Cat# 3483112

Critical Commercial Assays

Triacylglycerol Assay Kit FUJIFILM Wako Diagnostics U.S.A Cat# 994-02891, 992-02892,

464-01601, 416-00102

Succinate Assay Abcam Cat# Ab204718

GSH/GSSG Ratio Detection Assay Kit Abcam Cat# Ab138881

Ultrasensitive Mouse Insulin ELISA Kit ALPCO Cat# 80-INSMSU-E01

Diacylglycerol Assay Kit Abcam Cat# Ab242293

Experimental Models: Cell Lines

Mouse: C2C12 cell line ATCC Cat# CRL-1772

Experimental Models: Organisms/Strains

C57BL/6J mice In-house colony at the

University of Alberta

N/A

Floxed Oxct1 Mice provided via Dr. Peter Crawford N/A

Floxed Pdha1 Jackson Laboratory Stock # 017443

HSA-MerCreMer Jackson Laboratory Stock # 025750
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

siRNA SMART Pool ON-TARGET Oxct1 Dharmacon Cat# 67041

Mouse Oxct1 Ile323Ala mutagenesis primer (forward)

50AGAAGAGGAATCCCAGCACCCAAGTTAGCGT

ACATGCCG30; 50CGGCATGTACGCTAACTTGGG

TGCTGGGATTCCTCTTCT30 (reverse)

Integrated DNA Technologies Custom synthesis

Mouse Oxct1 Lys368Ala mutagenesis primer (forward)

50GAACAGTAACTGTTTCCGCTCCTGCATTGATGA

GATCCGC30; 50GCGGATCTCATCAATGCAGGA

GCGGAAACAGTTACTGTTC30(reverse)

Integrated DNA Technologies Custom synthesis

Mouse Acat1 Thermo Fisher Scientific Cat# Mm00507463_m1

Mouse Bdh1 Thermo Fisher Scientific Cat# Mm00558330_m1

Mouse Bdh2 Thermo Fisher Scientific Cat# Mm00459075_m1

Mouse Oxct1 Thermo Fisher Scientific Cat# Mm00499303_m1

Mouse Hmgcs2 Thermo Fisher Scientific Cat# Mm00550050_m1

Mouse Acadm Thermo Fisher Scientific Cat# Mm01323360_g1

Mouse Acox1 Thermo Fisher Scientific Cat# Mm01246834_m1

Mouse Ppia Thermo Fisher Scientific Cat# Mm02342430_g1

Recombinant DNA

Human OXCT1 Sino Biological Cat# HG15008-UT

pFLAG-CMV-5b vector Sigma Cat# E7648

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/

Prism 6 GraphPad https://www.graphpad.com/

scientific-software/prism/

Other

[U-14C]b-hydroxybutyrate American Radiolabeled Chemicals ARC 1545

Low-fat diet (10% kcal from lard) Research Diets D12450J

High-fat diet (60% kcal from lard) Research Diets D12492
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to the LeadContact for thismanuscript, John Ussher

(jussher@ualberta.ca).

Materials Availability
This study did not generate any new materials.

Data and Code Availability
This study did not generate/analyze any datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Care
All animals received care according to the guidelines from the Canadian Council on Animal Care, and all animal procedures were

approved by the institution’s Health Sciences Animal Welfare Committee. Animal husbandry consisted of all mice being housed

at 22�C in a 12 h light and 12 h dark cycle (lights on from 6 am to 6 pm), with all mice receiving standard environmental enrichment

(chip bedding, a plastic tube, 8 ounces of crinkle paper, and Nestlet square bedding comprised of short fiber cotton) and ad libitum

access to food andwater. 6 – 8-week-oldmalemice were either fed a standard chow, low-fat diet (10% kcal from lard, D12450J); or a

high-fat diet (60% kcal from lard, Research Diets; D12492) for 10 weeks to induce obesity. At the age of 16 – 18 weeks, animals were

killed via intraperitoneal (IP) injection of sodium pentobarbital (12 mg) in the fed state in the middle of the dark cycle, for the extraction

of tissues (e.g., gastrocnemiusmuscles, liver, etc.) that were immediately frozen in liquid nitrogenwithWollenberger tongs and stored
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at�80�C. In a separate cohort of obesemalemice, animals were randomized to receive treatment with either vehicle control (VC;corn

oil) or pimozide (10 mg/kg once every 2.5 days) via oral gavage for 2 weeks. Upon study completion, all animals were killed following

an overnight fast and at 30min post-administration of saline or insulin, or in themiddle of the dark cycle after a 2 h or overnight fast, for

the extraction of tissues that were immediately snap frozen in liquid nitrogen with Wollenberger tongs and stored at�80�C. Separate
cohorts of obese male mice were treated 1x with VC or pimozide (10 mg/kg) and killed upon completion of a glucose tolerance test

following an overnight fast, following which their livers and muscles were immediately extracted and snap frozen in liquid nitrogen

using Wollenberger tongs and stored at �80�C. Last, a cohort of lean C57BL/6J male mice were fasted overnight, following which

the mice either remain fasted for an additional 2 h, or were refed for 2 h, with or without treatment of b-hydroxybutyrate (bOHB, 1.5 g/

kg), or bOHB and pimozide (10 mg/kg). The mice were subsequently killed and gastrocnemius muscles were extracted and imme-

diately snap frozen in liquid nitrogen with Wollenberger tongs and stored at �80�C.
To induce experimental type 2 diabetes (T2D) in mice, we followed a similar protocol as described above involving 10 weeks

supplementation of a high-fat diet, but also administered a single low-dose injection of streptozotocin (75 mg/kg) at 4 weeks as

previously described (Maayah et al., 2019; Mulvihill et al., 2016). Animals were then randomized to receive treatment with either

VC (corn oil) or pimozide (10 mg/kg once every 2.5 days) via oral gavage for 2 weeks. Upon study completion all animals were killed

following an overnight fast, for the extraction of tissues that were immediately snap frozen in liquid nitrogen with Wollenberger tongs

and stored at �80�C. Importantly, we have demonstrated that use of this experimental T2D model produces a further worsening

of glycemia versus experimental obesity, while also producing diastolic dysfunction (Maayah et al., 2019).

Generation of Skeletal Muscle-Specific Gene Knockout Mouse Models
Female homozygous floxed succinyl-CoA:3-ketoacid-CoA transferase (SCOT) or homozygous floxed pyruvate dehydrogenase

(PDH) mice (The Jackson Laboratory, Stock no. 017443) were crossed with male heterozygous human a-skeletal actin-Cre (HSACre)

expressing mice (The Jackson Laboratory, Stock no. 025750). Male offspring heterozygous for HSACre and heterozygous for floxed

SCOT or floxed PDH were subsequently crossed with female offspring heterozygous for floxed SCOT or floxed PDH, in order to

generate skeletal muscle-specific SCOT knockout (SCOTMuscle�/�) mice or skeletal muscle-specific PDH knockout (PDHMuscle�/�)
mice, respectively. 6-week-old HSACre and SCOTMuscle�/� or PDHMuscle�/� male mice received daily IP injections of tamoxifen

(50 mg/kg) suspended in corn oil for 5 days, following which all mice were allowed a one week washout post-tamoxifen. 8-week-

old HSACre and SCOTMuscle�/� or PDHMuscle�/� male mice were subsequently fed a low-fat diet (10% kcal from lard, D12450J); or

high-fat diet (60% kcal from lard, Research Diets; D12492) for 10 weeks to induce obesity. At 9 weeks and 10 weeks post-diet

supplementation, all mice underwent glucose tolerance testing and insulin tolerance testing, respectively. At study completion, all

animals were killed following an overnight fast and at 30min post-administration of saline or insulin, or in themiddle of the dark cycle,

for the extraction of tissues that were immediately snap frozen in liquid nitrogen with Wollenberger tongs and stored at �80�C. In
specific cohorts of 8-week-old HSACre and SCOTMuscle�/� male mice, after being subjected to high-fat diet-induced obesity for

10 weeks, the animal’s drinking water was supplemented with either VC or metformin (400 mg/kg per day) for 2 weeks, or animals

received an acute subcutaneous treatment with either VC or liraglutide (30 mg/kg) prior to the assessment of glucose tolerance in

response to a 6 h fast.

Intracerebroventricular Cannulation Surgery in Mice
8-week-old C57BL/6J male mice were fed a high-fat diet (60% kcal from lard, Research Diets; D12492) for 5 weeks prior to under-

going intracerebroventricular cannulation surgery, and housed at room temperature in a 12 h light and 12 h dark cycle (lights on from 7

am to 7 pm) with ad libitum access to food and water. All mice are anesthetized with a table-top isoflurane laboratory anesthesia

system (3% isoflurane; O2 flow of 2 L/min for the induction of anesthesia, anesthetic nose cone is used to maintain anesthesia

with isoflurane concentration of ~1%–2% and O2 flow of 2 l/min). Once surgical anesthesia is reached and the mouse undergoes

a surgical scrub, the mouse is immobilized in a stereotaxic apparatus (David Kopf, Tujunga, CA, USA). An incision is subsequently

made on the head to expose the skull, and a stereotaxic frame-mounted drill was used to make a bore hole (< 1 mm in diameter). A

small screw (Plastics One, 2.4 mm shaft length, 1.57 shaft diameter) is implanted to the skull region around the hole which was pre-

pared for the implantation. A stainless-steel guide cannula (Plastics One, C315GS-2/SPC, 26 GA, PED 2 mm) with a small dummy

cannula (Plastics One, C315FDS-2/SPC, diameter 0.008,’’ PED 2mm) is then inserted into the guide cannula, which is lowered slowly

to minimize brain damage and bleeding into the brain to a position immediately above the target region. The stereotactic coordinates

for the lateral ventricle at AP = 0.2 mm, ML = 1.0 mm and DV = �1.5 mm (final internal tip positions from brain surface). The cannula

and immediate surrounding regions are then coated with Vetbond Tissue Adhesive (3M, for animals), and the cannula is held in place

on the skull using dental cement (Parkell, NY, US). Wound margins are closed with subcutaneous interrupted stitch 4-0 absorbable

suture if needed.

Following successful surgery all mice are individually housed with ad libitum access to food and water and allowed a 1-week re-

covery period prior to experimentation. For the intra-brain administration of pimozide, mice are first subjected to anesthesia in an

anesthesia induction box (3% isoflurane and O2 flow of 2 l/min). Once deep anesthesia is confirmed by a lack of whisker and

toe-pinch reflex, mice are quickly moved to an operating area, following which the dummy cannula is quickly removed from the

previously implanted guide cannula, and an infusion internal cannula (Plastics One, 33GA, 2mm Ped) is inserted into the target

site through the guide cannula. This operation is completed within 10 s and the animals are then returned to their original cage.

The infusion internal cannula is connected by MicroRenathane tubing (Braintree Scientific, Braintree, MA, USA) to a 5 mL BD syringe
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before the start of the animal’s operation, and after the animals recover from the anesthesia, the injections aremade over 1 ml/min by a

Programmable Syringe Pump (Braintree scientific, USA). Pimozide was dissolved in dimethylsulfoxide (DMSO) and diluted to a final

concentration of 10% dimethylsulfoxide (DMSO) in artificial cerebrospinal fluid, and 0.5 mg of pimozide was administered to the

mouse via the Programmable Syringe Pump.

Hyperinsulinemic-Euglycemic Clamping Studies
Obese HSACre and SCOTMuscle�/� mice underwent survival surgery 5 or 6 days prior to undergoing a hyperinsulinemic-euglycemic

clamp, to establish an indwelling catheter in the jugular vein as previously described (Kim et al., 2004). On the day of the clamp

experiment, all mice were fasted (6 h) with free access to water, and a 2 h clamp was conducted in conscious mice with a primed

and continuous infusion of human insulin (150 mU/kg body weight followed by 2.5 mU/kg per minute; Humulin; Eli Lilly, Indianapolis,

IN, USA) as previously described (Lee et al., 2015). In order to maintain euglycemia, 20% glucose was infused at variable rates during

the clamp. Whole-body glucose turnover was quantified with a continuous infusion of [3-3H]glucose (PerkinElmer, Waltham, MA,

USA), and 2-deoxy-d-[1-14C]glucose was administered as a bolus (10 mCi) 75 min after the start of the clamp experiment, to measure

insulin-stimulated glucose uptake in various organs (e.g., gastrocnemius muscle). All mice were killed at the end of the clamp for

tissue collection as previously described (Lee et al., 2015).

METHOD DETAILS

Isolated Working Heart Perfusions for Assessing Ketone Oxidation
Mice were anaesthetized via IP injection of sodium pentobarbital (60 mg/kg), and hearts were subsequently excised and immersed in

ice-cold Krebs-Henseleit bicarbonate solution, following which the aorta was cannulated and equilibrated in the Langendorff mode.

Hearts were subsequently switched to and perfused in the working mode as previously described (Ussher et al., 2012a, 2012b).

Oxygenated Krebs-Henseleit solution consisting of 0.8 mM [9,10-3H] palmitate bound to 3% fatty acid free bovine serum albumin,

5.0 mM glucose and 0.8 mM [U-14C]bOHB was delivered to the left atrium at a preload pressure of 15 mmHg, while perfusate was

ejected from hearts into the aortic outflow line against a hydrostatic afterload pressure of 50mmHg. Hearts were perfused aerobically

for 40min and bOHBoxidation was assessed as previously described (Verma et al., 2018). At the end of perfusion, hearts were imme-

diately snap frozen in liquid nitrogen with Wollenberger tongs and stored at �80�C.

Assessment of Glucose Homeostasis
Glucose and insulin tolerance tests were performed in mice fasted overnight or after a 6 h fast, following which IP glucose (2 g/kg) or

insulin (0.5 U/kg) was administered. Blood glucose measurements were assessed via tail whole-blood at the end of the fast (0 min),

followed by samples at 15, 30, 60, 90, and 120 min post-glucose or insulin administration, using the Contour Next blood glucose

monitoring system (Bayer). Plasma was also collected during the glucose tolerance test from tail whole-blood at the 0 and 15 min

time points for the assessment of circulating insulin levels, using a commercially available enzyme-linked immunosorbent assay

kit (Alpco Diagnostics) according to the manufacturer’s instructions. In brief, 5 mL of each sample was added to each well with

75 mL of a provided enzyme conjugate, and the 96 well plate was then incubated for 2 h at room temperature on an orbital microplate

shaker at ~700-900 RPM. After incubation, the plate waswashed 6xwith a providedworking strength wash buffer, and then 100 mL of

a provided substrate was added to each well to start the reaction, which was terminated after 30 min via addition of 100 mL of stop

solution. Any air bubbles were removed and plasma insulin levels ‘‘ng/mL’’ were determined via reading the absorbance of the plate

at a wavelength of 450 nm.

Magnetic Resonance Imaging
Mice underwent assessment of body composition via quantitative nuclear magnetic resonance relaxometry to quantify total lean/fat

mass utilizing an EchoMRI-4in1/700 body composition analyzer as previously described (Aburasayn et al., 2018).

In Vivo Metabolic Assessment
In vivometabolic assessment via indirect calorimetry was performed using the Oxymax comprehensive laboratory animal monitoring

system (Columbus Instruments). Animals with ad libitum access to food and water were initially acclimatized in the system for a 24 h

period. The subsequent 24 h period was utilized for data collection as previously described (Aburasayn et al., 2018). During indirect

calorimetry, animal activity, food and water intake, whole-body O2 consumption rates, heat production, and respiratory exchange

ratios were quantified.

Blood Chemistry Analysis
Measurement of blood glucose (Contour Next (Bayer)), bOHB (FreeStyle Precision Blood b-ketone, Abbott Laboratories) and lactate

(Lactate Plus Meter, Nova Biomedical) levels were performed in tail whole-blood samples obtained during the random fed state or

following an overnight fast.
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Pharmacokinetics Assessment of Pimozide
Pimozide and lidoflazine were purchased from Sigma Aldrich Chemical Co. (St Louis, MO). Methanol, acetonitrile, ethyl acetate,

ammonium acetate, and glacial acetic acid were purchased from Fisher Scientific (Fairlawn, NJ). All solvents were high-performance

liquid chromatography (HPLC) grade. Deionized water was purified using a Barnstead GenPure UV/UF xCAD plus water system

(Thermo Fisher Scientific, Waltham, MA). Mouse plasma (CD-1, pooled gender) for plasma standard and quality control preparations

was purchased from BioIVT (Hicksville, NY). Naive tissue for tissue standard preparations was generously gifted by the In Vivo Ther-

apeutics Core (Indiana Melvin and Bren Simon Cancer Center, Indianapolis, IN).

Plasma pimozide and lidoflazine (internal standard) was quantified by HPLC-MS/MS (5500 QTRAP AB Sciex, Framingham, MA). In

brief, pimozide and lidoflazine were separated by a gradient mobile phase (acetonitrile: 5mM NH4OAc; pH = 3.5) with an Agilent

Zorbax 300SB-C8 150X4.6 mm 5 mm column. The mass spectrometer (MS/MS) utilized an electrospray ionization probe run in

positive mode. The multiple reaction monitoring (MRM) Q1/Q3 (m/z) transitions for pimozide and lidoflazine were 462.2/109.2 and

492.3/343.2, respectively. For the plasma samples, 20 mL per sample was transferred to a polypropylene tube, lidoflazine was added

as the internal standard (20 mL of 0.01 ng/mL), and the extraction was performed by the addition of 0.1M citric acid buffer (pH 3.0)

followed by the addition of ethyl acetate. The samples were then vortex mixed, centrifuged and the organic layer was transferred

to a clean polypropylene tube and evaporated to dryness. The samples were then reconstituted with methanol (50 mL) and an aliquot

(10 mL) was injected into the HPLC-MS/MS. The lower limit of quantification was 0.1 ng/mL. The standard curve was linear from

0.1 – 1,000 ng/mL.

Pimozide was quantified from tissue (brain andmuscle) samples using a slightly modifiedmethod from the plasma sample analysis

described above. Briefly, the tissue was weighed and then transferred to a polypropylene tube. Phosphate buffered saline (PBS) was

added to the tissue to bring the total volume to 1mL (assumption 1 g = 1mL). The tissue was homogenized using a TissueRuptor with

a single use disposable probe. An aliquot (0.8 mL) was transferred to a clean polypropylene tube and lidoflazine was added as the

internal standard (20 mL of 0.1 ng/mL). The extraction procedure and HPLC-MS/MS conditions were the same as for the plasma

samples. The lower limit of quantification was 0.08 ng/sample. The standard curve was linear from 0.08 – 240 ng/sample.

Non-compartmental pharmacokinetics analysis was performed using PK solver add-in program in Microsoft Excel (2016). Phar-

macokinetic parameters included: t1/2 (half-life, t1/2 = 0.693/kel) Cmax (maximal plasma concentration), tmax (time of maximal plasma

concentration), AUC0-N (area under the plasma concentration time curve from zero to infinity), Vd (volume of distribution calculated by

clearance/mean residence time), apparent oral clearance (calculated by (CL/F) = dose/AUC).

Cell Culture
All reagents were obtained from Sigma. C2C12 cells (American Type Culture Collection; female origin) were cultured in 6-well

plates in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.

Cells were incubated in a water-jacketed CO2 incubator maintained at 37�Cwith 5%CO2. Upon confluency C2C12 cells were differ-

entiated into myotubes via growth in DMEM containing 2% horse serum and 1% penicillin/streptomycin as previously described

(Ussher et al., 2009a). C2C12 myotubes were cultured in glucose free DMEM supplemented with 0.4 mM oleate bound to 2% bovine

serum albumin (BSA), 5.0 mM glucose, 0.6 mM bOHB, 0.25 mM L-carnitine and 0.2 nM insulin for 24 h.

Knockdown and Overexpression Studies
Knockdown of SCOT in C2C12 myotubes was carried out using SMART Pool ON-TARGET Plus, a mixture of 4 siRNAs against

SCOT provided as a single reagent, (Dharmacon, 67041). C2C12 myotubes were transfected with a scramble siRNA sequence,

or mouse SCOT siRNA for 48 h using Lipofectamine RNAiMAX (Thermo Scientific) as per manufacturer’s instructions. On the con-

trary, overexpression of SCOT was accomplished via transfection of C2C12 myotubes with pCMV vector or vector expressing the

Human SCOT open reading frame (Sino Biological Inc, Cat. HG15008-UT) for 48 h using Lipofectamine 2000 (Thermo Scientific) as

per manufacturer’s instructions. Culture media was collected and used for quantification of lactate levels using the Lactate Assay Kit

II (Sigma-Aldrich, MO, USA).

Virtual High Throughput Screening
The SCOT (Sus scrofa) crystal structure was obtained from the Protein Data Bank (PDB: 1M3E) with a resolution of 2.5 Å (Bateman

et al., 2002). The enzyme matched to Homo sapiens/Mus musculus SCOT with 92% similarity. The Sus scrofa SCOT structure

wasmodified by adding themissing side chains and assigning the protonated groups at the neutral pH 7.0 (PROPKA 2.2). The protein

was refined in terms of energy minimization and verified using PROCHECK, following which ready to dock commercially approved

US Food and Drug Administration and investigational drugs (2924 ligands) were downloaded from the ZINC database. The CCSF

CHIMERA v.1.10.2 was used to prepare the ligands for docking in the framework of AMBER99SB. VinaMPI was used to perform

the blind docking by ‘‘boxing’’ the oxyanion pocket of the enzyme into a grid of 303 303 30 Å, with a spacing of 0.375Å. All rotatable

bonds were allowed to rotate freely, and 20 runs were carried out for each ligand (Ellingson et al., 2013). After the initial run, all ligands

were sorted based on their binding energies. The top 100 candidates were re-docked using the Autodock Vina with an exhaustive-

ness of 40. The final candidates were chosen based on their binding energy, binding interaction types, and ligand orientation in the

oxyanion pocket. All visualizations were performed using the Discovery Studio Visualizer (Dassault Systèmes BIOVIA, 2015) and the

Schrodinger’s PyMOL package (Molecular Graphics System, Version 1.8).
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Mutagenesis
The pCMV3 plasmid vector encoding wild-type SCOT was purchased from Sino Biologicals (PA USA). The mutants were generated

using Quick Change Multi Site-Directed Mutagenesis Kit (Agilent Technologies, USA) by the manufacturer’s instructions. The

following two primers were used;

Ile323Ala Mutagenesis (Corresponds to Sus scrofa Ile284 in the crystal structure (PDB ID:1M3E))

(forward) 50AGAAGAGGAATCCCAGCACCCAAGTTAGCGTACATGCCG30

50CGGCATGTACGCTAACTTGGGTGCTGGGATTCCTCTTCT30 (reverse).
Lys368Ala Mutagenesis (Corresponds to Sus scrofa Lys329 in the crystal structure (PDB ID:1M3E))

(forward) 50GAACAGTAACTGTTTCCGCTCCTGCATTGATGAGATCCGC30

50GCGGATCTCATCAATGCAGGAGCGGAAACAGTTACTGTTC30(reverse).

All mutations were subsequently verified via DNA sequencing.

Succinyl-CoA:3-ketoacid-CoA Transferase Activity
C2C12 myotubes or gastrocnemius muscles were homogenized in PBS (pH 7.2) with protease inhibitors (complete mini EDTA-free

protease inhibitor cocktail; Roche) in a glass dounce homogenizer on ice. Lysates were subsequently centrifuged at 20,000x g at 4�C
for 20 min. The supernatants were then collected for the quantification of SCOT activity (mmol acetoacetyl-CoA produced/mg

protein), which was measured spectrophotometrically by monitoring the absorbance changes at 313 nm at room temperature,

and normalized to an acetoacetyl-CoA standard curve to determine rates of acetoacetyl-CoA production. The reaction mixture

consisted of 50 mM Tris$HCl (pH 8.0), 10 mM MgCl2, 0.2 mM succinyl-CoA, 0.1–10 mM lithium acetoacetate, and 4 mM iodoace-

tamide. The catalytic reaction was initiated by addition of 100 mg of protein from C2C12 myotube or gastrocnemius muscle lysates.

The absorbance changes were recorded every 30 s from 0 to 3 min as previously described (Cotter et al., 2013).

In Vitro Kinetics Assessment
Recombinant human SCOT protein was purchased from MyBiosource (San Diego, CA, USA; MBS9420519). SCOT activity was

measured by detecting acetoacetyl-CoA formation spectrophotometrically by monitoring the absorbance changes at 313 nm at

room temperature. Activity of 0.45 nmol recombinant SCOT was measured on increasing acetoacetate concentrations (0.1, 0.5,

1, 2.5, 5 and 7.5 mM) in the presence of increasing pimozide concentrations (125 and 500 nM) using DMSO as a control. Data

were presented as mean reaction rate (mmol/min) versus acetoacetate concentration and lines show fitting to the Michaelis–

Menten equation with 95% confidence intervals. A Lineweaver–Burk plot data analysis from the Michaelis–Menten kinetics was

used to determine the type of inhibition of SCOT by pimozide, and lines show fitting to linear regression with 95% confidence

intervals.

Western Blotting
C2C12 myotubes or frozen skeletal muscle tissues (20 mg) were homogenized in buffer containing 50 mM Tris HCl (pH 8 at 4�C),
1 mM EDTA, 10% glycerol (w/v), 0.02% Brij-35 (w/v), 1 mM DTT, protease and phosphatase inhibitors (Sigma), and protein samples

were prepared and subjected to western blotting protocols as previously described (Ussher et al., 2014). SCOT (ProteinTech, 12175-

1-AP), acetyl-CoA acetyltransferase (ACAT) (Invitrogen, PA5-19227), heat shock protein-90 (Hsp90) (BD Biosciences, 610418), pan

anti-succinyl lysine (PTMBiolabs, PTM-401), anti-cysteine sulfonate (Aviva SystemsBiology, OAED00119), protein kinaseB (Akt) and

phospho-Akt (9272S and 4060L (Cell Signaling)), glycogen synthase kinase 3b (GSK3b) and phospho-GSK3b (5676S and 9331L (Cell

Signaling)), pyruvate dehydrogenase (PDH) and phospho-PDH (3205S, Cell Signaling and ABS204, Millipore), 50AMP activated

protein kinase (AMPK) and phospho-AMPK (5831S and 2535S (Cell Signaling)), Na+/K+ ATPase (3010S (Cell Signaling)), and protein

kinase Cq (PKCq) (13643S (Cell Signaling)) antibodies were prepared in a 1/1000 dilution in 5%BSA. Secondary antibodies consisted

of anti-rabbit IgG (Cell Signaling, 7074V), anti-mouse IgG (Cell Signaling, 7076V), and anti-goat IgG (Thermo Fisher Scientific,

A15963), all of which were prepared in a 1/2000 dilution in 1% fat-free milk. For the assessment of membrane PKCq expression,

membrane and cytosolic fractions were first prepared from frozen skeletal muscle tissues (~30 mg) using the Mem-PER Plus Mem-

brane Protein Extraction Kit (Thermo Fisher Scientific, 89842), following which they were subjected to the above described western

blotting protocols.

Real-Time Polymerase Chain Reaction Analysis
First-strand cDNA was synthesized from total RNA using the SuperScript III synthesis system (Invitrogen, Carlsbad, CA). Real-time

PCR was carried out with the CFX connect Real time PCR machine (Bio-Rad Laboratories) using TaqMan Gene Expression Assays

(Applied Biosystems, Foster City, CA) or custom designed SYBR Green primers (Kapa Biosystems) (Table S1). Relative mRNA tran-

script levels were quantified with the 2-DDCt method (Livak and Schmittgen, 2001) using peptidylprolyl isomerase A (Ppia) as our

housekeeping internal control gene.

Determination of Triacylglycerol Content
Frozen powdered gastrocnemius or liver tissue (~20 mg) was extracted in a 2:1 chloroform:methanol solution, following which

the supernatant phase was retained for the assessment of triacylglycerol (TAG) content with an enzymatic assay kit (Wako Pure
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Chemical Industries) as previously described (Ussher et al., 2010). This same kit was also used to assess circulating TAG levels in

mouse plasma samples (4 mL) as previously described (Ussher et al., 2010).

Determination of Diacylglycerol Content
Diacylglycerol (DAG) content was assessed in gastrocnemius muscle tissue (~20mg) using a DAG fluorometric assay kit as per man-

ufacturer’s instructions (Abcam; Ab242293), which utilizes a kinase to yield phosphatidic acid, following which a lipase is utilized to

hydrolyze phosphatidic acid to glycerol-3-phosphate. The glycerol-3-phosphate product is subsequently oxidized by glycerol-3-

phoshate oxidase into a hydrogen peroxide that reacts with a fluorometric probe for quantitative measurement.

Determination of Glycogen Content
Glycogen content was assayed as previously described (Kim et al., 2017). In brief, glycogen was extracted from ~10-20 mg of

powdered tissue with KOH and precipitated with sodium sulfate in ethanol for 1 h at�80�C. Glycogen was then pelleted and washed

with ethanol. Amyloglucosidase was subsequently added and incubated at 55�C for 3 h. Glucose released from glycogen was

measured by the glucose oxidase reaction. Samples were quantified against glycogen standards run in parallel and normalized to

tissue wet weight.

Metabolomic Profiling
~50 mg of frozen powdered gastrocnemius tissue was subjected to a targeted quantitative metabolomics approach using a combi-

nation of direct injection mass spectrometry (DI-MS) with a reverse-phase liquid chromatography (LC)-MS/MS assay as previously

described (Sung et al., 2017). Themethod used combines the derivatization and extraction of analytes, and the selective mass-spec-

trometric detection using multiple reaction monitoring (MRM) pairs. Isotope-labeled internal standards are used for metabolite quan-

tification. All the samples were thawed on ice and were vortexed and centrifuged at 13,000x g. 10 mL of each sample was loaded and

dried in a streamof N2, followingwhich 20 mL of a 5%solution of phenyl-isothiocyanate was added for derivatization. After incubation,

samples were dried again using an evaporator. Extraction of the metabolites was then achieved by adding 300 mL methanol contain-

ing 5 mM ammonium acetate. The extracts were obtained by centrifugation, followed by a dilution step with kit MS running solvent.

MS analysis was performed on an API4000 Qtrap tandemMS instrument (Applied Biosystems/MDS Analytical Technologies, Foster

City, CA) equippedwith a solvent delivery system. The samples were delivered to themass spectrometer by a LCmethod followed by

a direct injection (DI) method. Data analysis was performed and concentrations were calculated using Analyst software. The oper-

ator(s) were blinded to genotype/treatment during metabolomic profiling.

Standards (Sigma-Aldrich, ON, CAN) utilized for identification purposes include: acetylornithine, asymmetric dimethylarginine,

carnosine, creatinine, levodopa, dopamine, histamine, methionine sulfoxide, cis-hydroxyproline, trans-hydroxyproline, phenylethyl-

amine, putrescine, sarcosine, serotonin, spermidine, spermine, taurine, tyramine, alanine, arginine, asparagine, aspartic acid, citrul-

line, glutamine, glutamic acid, glycine, histidine, leucine, isoleucine, lysine, methionine, ornithine, phenylalanine, proline, serine, thre-

onine, tryptophan, valine, 3-methylhistidine, betaine, trimethylamine N-oxide, choline, nitro-tyrosine, tyrosine, kynurenine, creatine,

alpha-aminoadipic acid, lactic acid, beta-hydroxybutyric acid, alpha-ketoglutaric acid, citric acid, butyric acid, isobutyric acid, pro-

pionic acid, succinic acid, fumaric acid, pyruvic acid, hippuric acid, methylmalonic acid, homovanillic acid, indole-3-acetic acid, uric

acid, L-carnitine inner salt, acetyl-L-carnitine hydrochloride, propionyl-L-carnitine, butyryl-L-carnitine, hexanoyl-L-carnitine, octa-

noyl-L-carnitine, decanoyl-L-carnitine, dodecanoyl-L-carnitine, tetradecanoyl-L-carnitine, hexadecanoyl-L-carnitine, octadeca-

noyl-L-carnitine, N-stearoyl-D-erythro-sphingosylphosphorylcholine, 1,2-dilinolenoyl-sn-glycero-3-phosphocholine, 1,2-Dioctade-

canoyl-sn-glycero-3-phosphocholine, 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine, glucose, N1, N12-diacetylspermine, 4-

hydroxyhippuric acid and HPHPA.

Isotopically labeled internal standards (Cambridge Isotope Laboratories, MA, USA) utilized for absolute quantification include:

D2-ornithine,
15N-histidine, D3-creatinine, D3-DOPA, D4-dopamine, 13C-tyrosine, 13C-D3-methionine, D3-proline, D4-serotonin, D4-

putrescine, D3-sarcosine,
13C2-taurine, D4-tyramine, 15N-alanine, 13C6-arginine,

15N-asparagine, D3-aspartic acid, D7-citrulline,

D3-glutamic acid, D5-glutamine, 13C2-glycine,
13C-leucine, 15N-phenylalanine, 13C-serine, D2-threonine,

15N2-tryptophan, D8-valine,

D9-TMAO, 15N2-uric acid, D8-spermine, D8-spermidine, D6-N
1, N12-diacetylspermine, D6-asymmetric dimethylarginine, D3-creati-

nine, D9-choline chloride, D9-betaine hydrochloride, D1-sodium L-lactate, D4-sodium beta-hydroxybutyrate, 13C-alpha-ketoglutaric

acid, D4-citric acid, 13C-butyric acid, 13C-propionic acid, D4-succinic acid, 13C2-D2-fumaric acid, 13C-pyruvic acid, D2-hippuric acid,

methyl-D3-malonic acid, and D2-indole-3-acetic acid.

Succinyl CoA & Malonyl CoA Content
To quantify short chain CoA content, ~15 mg of frozen powdered gastrocnemius tissue was homogenized in 6% perchloric acid,

following which the homogenate was kept on ice for 10 min prior to centrifugation at 12,000x g for 5 min at 4�C, and analyzed via

HPLC as previously described (Ussher et al., 2009b).

Succinate Assay
A colorimetric assay (Abcam; Ab204718) was used to measure succinate content in frozen gastrocnemius muscle samples as per

manufacturer’s recommendations.
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Assessment of Reduced & Oxidized Glutathione
A fluorometric assay (Abcam, Ab138881) was used to measure the reduced and oxidized glutathione levels (GSH and GSSG) in

gastrocnemius muscle and liver samples as per manufacturer’s recommendations. In brief, tissue was lysed in 1% NP-40, diluted

10x in reaction buffer, and then fluorescence was measured 10-40 min after addition of dye as previously described (Saleme

et al., 2019).

Intracellular 13C-b-hydroxybutyrate Content
Differentiated C2C12 myotubes were incubated with 1.2 mM of 13C-bOHB overnight prior to treatment with 10 mMpimozide for 24 h.

Cells were then collected andmetabolites were extracted by repeated (9x) freeze-thaw cycles in 600 mL of 90%methanol using liquid

N2 for freezing and ice for thawing and vigorous vortexing after every cycle. Metabolites were then dried using a vacuum centrifuge

and dissolved in 100 mL of water, which was run on an Agilent HILIC-Z column with dimensions 2.13 50 mm at a flow rate of 0.5 mL/

min. Solvent A consisted of water with 25mMammonium formate adjusted to pH 7.5, while Solvent B consisted of 25mMammonium

formate (pH 7.5) in 90% acetonitrile/10%water. Solutions were run isocratically with 95% solvent B, 5% solvent A on an Agilent 1200

HPLC system interfaced to an Agilent 6220 Time-of-Flight LC/MS operating in negative ion electrospray mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are presented as means ± standard error of the mean (SEM). Two-tailed, unpaired Student’s t tests were used to assess

statistical significance between two groups. Multiple groups or treatments were compared using one-way analysis of variance

(ANOVA) or a two-way ANOVA followed by a Bonferroni post hoc analysis, as appropriate to the design and/or data distribution. Dif-

ferences were considered significant when p < 0.05. No data were considered outliers by testing or were arbitrarily excluded. The

sample sizes (indicated throughout) were chosen to equal to 4 or more for in vitro studies and 5 or more mice per group for in vivo

experiments, which our previous studies have consistently required in order to observe statistically significant differences between

groups (Aburasayn et al., 2018; Al Batran et al., 2018; Ussher et al., 2010). GraphPad Prism 6 software was utilized for all data

analysis.
Cell Metabolism 31, 1–11.e1–e8, May 5, 2020 e8


	CMET2998_proof.pdf
	Pimozide Alleviates Hyperglycemia in Diet-Induced Obesity by Inhibiting Skeletal Muscle Ketone Oxidation
	Introduction
	Results and Discussion
	Ketone Body Oxidation Enzyme Expression Is Increased in Skeletal Muscle following Experimental Obesity
	Pimozide Is a SCOT Antagonist
	Pharmacological SCOT Inhibition Improves Glycemia in Obese Mice
	Pimozide’s Attenuation of Obesity-Induced Hyperglycemia Is Independent of Oxidative Stress, Lipid Accumulation, and Brain S ...
	Genetic Inhibition of SCOT Activity in Skeletal Muscle Also Improves Obesity-Induced Hyperglycemia
	Pimozide Requires Intact SCOT in Order to Improve Glycemia in Obese Mice
	Decreasing SCOT Improves Glycemia by Augmenting Skeletal Muscle Pyruvate Dehydrogenase (PDH) Activity
	Final Summary and Conclusions
	Limitations of Study

	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Animal Care
	Generation of Skeletal Muscle-Specific Gene Knockout Mouse Models
	Intracerebroventricular Cannulation Surgery in Mice
	Hyperinsulinemic-Euglycemic Clamping Studies

	Method Details
	Isolated Working Heart Perfusions for Assessing Ketone Oxidation
	Assessment of Glucose Homeostasis
	Magnetic Resonance Imaging
	In Vivo Metabolic Assessment
	Blood Chemistry Analysis
	Pharmacokinetics Assessment of Pimozide
	Cell Culture
	Knockdown and Overexpression Studies
	Virtual High Throughput Screening
	Mutagenesis
	Ile323Ala Mutagenesis (Corresponds to Sus scrofa Ile284 in the crystal structure (PDB ID:1M3E))
	Lys368Ala Mutagenesis (Corresponds to Sus scrofa Lys329 in the crystal structure (PDB ID:1M3E))

	Succinyl-CoA:3-ketoacid-CoA Transferase Activity
	In Vitro Kinetics Assessment
	Western Blotting
	Real-Time Polymerase Chain Reaction Analysis
	Determination of Triacylglycerol Content
	Determination of Diacylglycerol Content
	Determination of Glycogen Content
	Metabolomic Profiling
	Succinyl CoA & Malonyl CoA Content
	Succinate Assay
	Assessment of Reduced & Oxidized Glutathione
	Intracellular 13C-β-hydroxybutyrate Content

	Quantification and Statistical Analysis




